Abstract. The main source of plasma in the Jovian magnetosphere is Io and the dominant sink is outward radial transport. Conservation of angular momentum leads to a decrease in angular velocity with distance, but ionospheric coupling resists any departure from corotarion. Competition between these effects predicts a radial dependence for the lag that agrees with observations out to some moderate distance in the middle magnetosphere. However, the observed angular velocity farther out appears to saturate at roughly half the planetary angular frequency, in contrast to the theoretical prediction that it continue to decrease asymptotically to zero. This paper reviews the theory of this phenomenon and explores three of its underlying assumptions as candidates for explaining this discrepancy: (1) Field line stretching from the assumed dipole configuration; (2) a variation in the ratio of the average angular velocity to the average weighted by mass outflux; and (3) a nonlinear response in the atmospheric component of the system.
Introduction
The Jovian magnetosphere differs markedly from the terrestrial in that its plasma dynamics are principally driven by rotational forces rather than by interactions with the solar wind. The reasons for this difference are Jupiter's faster rotation and stronger magnetic field, plus the weaker solar wind flux at its increased distance from the sun. These factors combine to produce an enormous magnetosphere that exhibits influences of the planet's rotation throughout most of the dayside regions, both in the measured flow velocities and in the confinement of the plasma sheet near the equator by centrifugal acceleration. Although rotation is indisputably of fundamental importance in driving convection at Jupiter, there is some uncertainty about the precise pattern of azimuthal flow determined observationally, as well as that expected on theoretical grounds. After discussing the available observational data, this paper seeks to elucidate the physics underlying the connection between radial outflow and angular velocity, with particular attention to theoretical considerations put forth originally by Hill [1979] and elaborated by Vasyli•nas [1983] and Pontius [1995] . However, neither has a suitable alternative been proposed that satisfactorily explains the data. The remainder of this paper discusses extensions of Hill's model that can resolve the discrepancy between theory and observation while maintaining the key physical arguments of his treatment. All theoretical models necessarily adopt simplifying assumptions to study those particular influences deemed to be of principal importance to the phenomenon at hand, and it is by examining these in turn that we explore the most probable candidates for improvement. Because the complete problem involves many facets, I will consider the various modifications in turn to avoid over-complicating the presentation. After reviewing the original model, three important features will be examined in detail: a nondipolar magnetic field, a stochastic component of the flow velocity in the plasma sheet, and slippage between the ionosphere and neutral atmosphere. The first has little discernible effect on the model, although it does strongly influence the interpretation of certain data. Either of the last two appear to be able to resolve the discrepancy between observation and Hill's original model, although further discrimination must await better data.
Hill's Model for Inertial Limit on

Corotation
The key elements of Hill's model are simple dynamical arguments applicable in a steady state, azimuthally symmetric magnetosphere. The main source of plasma in the Jovian magnetosphere is Io, and the principal loss process is outward radial transport. In the absence of ionospheric coupling, outflowing plasma would simply conserve angular momentum so that its angular velocity fl would decrease with distance as lip •'. To the degree that parallel potential drops can be neglected, the accompanying convection electric field is mapped along the magnetic field and enforces a single angular velocity for all plasma on each field line. Because this angular velocity is not usually shared by atmospheric neutrals at the field line's intersection with the ionosphere, ensuing collisions tend to eliminate the differential rotation between ions and neutrals. The resistance of the neutrals is then communicated back to the magnetospheric plasma by reversing the process. In this way, the planet resists any departure from corotation by exerting a torque proportional to the magnitude of that departure. The actual angular velocity reflects a compromise between the two competing effects, that is, the increasing lag caused by outward transport versus the ionosphere's resistance to that lag. Let To produce an angular velocity profile dramatically different from Hill's solutions,/•B must be enhanced beyond some radial distance, thereby increasing the ionospheric torque and counteracting the tendency for angular velocity to decrease. As discussed in the introduction, the present study was motivated by observational studies suggesting roughly constant angular velocity at high p. To discover how much the efficiency of ionospheric torque must be increased to achieve that condition, set the radial gradient of f to zero in Hill's equation (5) The third term refiect• changes in the ratio of the lever arms and hence the relative efficiency of the torques at altering angular velocity. In an inflated field a given equatorial crossing p maps to a lower latitude, so the corresponding lever arm in the ionosphere is longer than for a dipole field and can exert a larger torque. The longer lever arm also means that a given lag 5f• corresponds to a larger 5v• in the ionosphere and thus a larger meridional electric field and current. These effects both increase the third term, the lever arm factor.
Conversely, the equatorial crossing point is displaced outward so that p is greater than the dipole expression 1/sin20 appropriate for that colatitude. 
Azimuthal Inhomogeneities
The previous section altered the magnetic field by changing the relation between colatitude and equatorial crossing, but that mapping was still modeled as independent of longitude. Additional discussion is in order regarding the influence of asymmetries on the effect of the magnetic field. The empirical model used here was constructed from observations made along the spacecraft trajectories, and there is some avoidable uncertainty in the surface magnetic field. As outlined above, the details of that field control the ionospheric end of the The integration amounts to calculating an effective lever arm factor defined by its average weighted by 5f• E B•. Each of these variables probably differs from its own average by no more than 50% over the integration curve, which makes it doubtful whether these considerations can provide the dramatic increase in/•z with p needed to account for observations. Indeed, because the footprints of flux shells at higher p must be clustered closer to the magnetic pole, one would expect these considerations to become less likely to enhance /•z. As shown above, an effective mechanism must increase/•z by (p/pH) 4 over its value in the inner magnetosphere. We have already seen that the very slow variation in t•(p) at large distances means that the lever arm factor p sin2t• oc p, but even this was not sufficient. Although a sufficiently contrived example could presumably make a dramatic difference, we must dis- Vasylianas [1994] argued that the approach is inconsistent if the period so calculated is shorter than ra, which implies that the forces exerted by the ionosphere act too slowly to affect transport significantly. In this situation, acceleration within the plasma sheet is unaffected by the ionosphere, which has important implications for the onset of the interchange instability. Note that Vasylifinas' linearized analysis of the initial increase in velocity for large ra does not necessarily imply that ionospheric coupling can be neglected for later periods of motion. Ionospheric resistance is still present in his treatment and exerts a force proportional to the plasma velocity. Following the initial period of rapid acceleration, during which centrifugal energy is mostly converted into kinetic, the rate of energy deposition into the ionosphere approaches a maximum value equal to the rate at which centrifugal energy is released. Interchange motions can be influenced by the ionosphere only if they persist long enough to approach this terminal velocity, which is proportional to the acceleration timescale. Evidently, the general effect of decreasing the efficiency of ionospheric coupling is to reduce the lag at any given radial distance from that in Hill's solution, a conclusion that may seem somewhat counterintuitive. If outflow were absolutely unhindered, angular momentum would be conserved and angular velocity would decrease as 1/r 2. At the other extreme, Hill's solution corresponds to the ionosphere exerting the greatest torque it can for magnetic flux moving with that subcorotational velocity. Therefore, imperfect coupling should presumably lead to an angular velocity that decreases less rapidly than 1/r 2 but more rapidly than Hill's solution. This logic applies, however, only for those indi- (17) are measured when the spacecraft is above the current sheet but B• q is the value at its center.
Atmospheric Slippage
A simple examination of Hill's equation (5) indicates that an increase in Pedersen conductivity with increasing latitude will curtail the growth of slippage with distance and possibly even reverse it. However, to date no one has proposed a mechanism that would preferentially enhance ionospheric conductivity at latitudes that map to larger radial distances. Before describing such a mechanism, it is necessary to review a further complication excluded from the above discussion, that is, the atmospheric coupling between Jupiter and its ionosphere. It has been argued [Huang and Hill, 1989; Pontius, 1995] that most of the observed lag is actually caused by slippage within Jupiter's atmosphere, rather than between the planet and magnetospheric plasma. This additional level of complexity requires a model for eddy viscosity in the neutral atmosphere. For steady situations, the practical consequence is to introduce a parameter characterizing the strength of eddy diffusion into the relation between the observed lag and the net torque exerted by the planet. The results discussed heretofore remain applicable so long as the modification is linear, which should hold out to some distance in the middle magnetosphere. However, a critical level of slippage can trigger the Kelvin-Helmholtz instability, thereby increasing the amount of turbulent mixing in the atmosphere and substantially increasing the planetary torque associated with a given corotation lag.
Review of Flywheel Model
The plasma sheet influence is exerted on the atmosphere at high altitudes, but the planet itself is the ultimate source of angular momentum. For the neutral atmosphere to corotate with Jupiter, the effective viscosity of the atmosphere must be high enough to couple the two very tightly. Huang and Hill [1989] ing influence was quite puzzling. To resolve the matter, Pontius [1995] argued that most of the lag must reside in a very slowly responding component of the system. Because the neutral atmosphere's moment of inertia is overwhelmingly larger than that of the torus, the time required for it to adjust to changes in the rate of mass loading is much longer than that of the torus. Therefore, most of the observed lag f•obs must occur between the lower atmosphere and ionospheric altitudes, in accord with Huang and Hill [1989] . The estimated timescales for modifying the flow velocity of the neutral atmosphere are actually much longer than the planetary rotation period, so it acts as a massive flywheel that responds noticeably only to the long-time average of influences in the magnetosphere. The system is conveniently pictured as a trio of differentially rotating, imperfectly coupled rotators, i.e., the planet, the high-altitude neutral population, and the torus. Figure 7 presents a mechanical analog in which the various coupling parameters are represented by frictional coefficients. Jupiter becomes an infinitely massive cylinder that acts as an angular momentum reservoir. The neutral atmosphere is a thin, heavy sleeve coupled by friction to the cylinder, with a coefficient corresponding to K. The outer annulus representing the torus or plasma sheet is similarly coupled to the inner one, but the coefficient of friction there depends on the reciprocal of the Pealersen conductivity E. Finally, a brake applied to the outer edge exerts a torque on the system to represent how mass loading or transport reavoidable uncertainties in some important parameters, their work strongly suggests that atmospheric coupling is relatively inefficient and that a large velocity shear must exist in the neutral atmosphere to exert the required force. They concluded that the lag observed in the plasma sheet predominantly reflects the flow of neutral molecules at the ionospheric footprints of their field lines rather than differential rotation between those neutrals and the plasma sheet. The latter slippage still exists and drives the electromagnetic force on the plasma sheet, but its magnitude is much smaller than the lag between the neutrals and the planet. The flywheel model has additional implications that are important for radial transport. As argued above, the lag between the plasma sheet and current-carrying layer of the atmosphere is only a small fraction of the observed lag. However, that reduced differential rotation is still responsible for driving the currents that exert a torque between the lagging neutrals and the plasma sheet. Transport processes in the plasma sheet require angular momentum from the planet via the left side of equation (3) or (10), so the associated magnetic torque must be sufficient to deliver angular momentum at the same rate as before. Because differential rotation is reduced from what it was thought to be before atmospheric slippage was recognized, the true Pealersen conductivity is therefore much larger than the effective value.
Models such as Hill [1979] and Pontius and Hill [1982] that treat the magnetosphere as steady and azimuthally symmetric yield formulae that depend on the effective conductivity E •. This should be obvious as both are fairly successful at explaining phenomena despite their neglect of the atmospheric slippage, the influence of which is embedded in the effective conductivity. The appearance of sin20-1/Pdipole in (19) means that the lever arm factor introduced above (see Figure 3) must be included to calculate the Richardson number properly as a function of p. In the plasma torus, where mass loading causes slippage, 5f•obs is approximately 5% of f•j, which gives a Richardson number around 50. Therefore, the Kelvin-Helmholtz instability is probably not excited on field lines mapping to the torus, and the eddy diffusion coefficient K maintains its nominal value. The growth in lag with distance in the plasma sheet increases the velocity shear in the atmosphere much higher than at the footprint of the torus. Figure 8 needed, the effective conductivity rises when the KelvinHelmholtz instability is excited more strongly or over a larger sector of ionospheric longitude. Because the average lever arm in the ionosphere is nearly constant with p in the middle magnetosphere, a constant velocity shear implies a nearly constant angular velocity profile. Of course, the differential rotation between the plasma sheet and the lagging neutral flywheel will continue to grow, but as it was initially only a minor fraction of the observed lag, its growth will not be particularly noticeable till much farther out.
Conclusions
We have learned that adopting a more realistic magnetic field does not greatly change the results of Hill's A plausible alternative proposal is that the ionospheric conductivity increases when lag becomes too large, thereby allowing the planet to exert a disproportionate torque. The effective conductivity actually reflects a complicated interaction between the atmosphere and ionosphere, which can become nonlinear in suitable parameter regimes. In particular, because angular momentum is transported upward via relatively inefficient eddy diffusion, a large velocity shear is required in the neutral atmosphere. When this velocity shear grows too large, the Kelvin-Helmholtz instability is excited, thus increasing vertical mixing and increasing the efficiency of eddy diffusion. This model predicts that the angular velocity of the lagging atmospheric flywheel should eventually reach a plateau, and the observed lag can only grow slowly beyond this point. Whether this mechanism alone can explain why the plasma sheet angular velocity does not asymptote to zero depends on a more careful analysis of the atmospheric coupling. This study will be undertaken shortly as part of an extended examination of the flywheel hypothesis.
Of course, the Jovian magnetosphere may combine these two mechanisms, perhaps with others as yet unrecognized. Other possibilities not considered here are those that depend on azimuthal features of global scale, such as arise when the magnetopause is approached.
The present work shows that the discrepancy between observed and predicted angular velocity profiles may be resolved theoretically within the axisymmetric framework.
We have arrived at a description of the Jovian magnetosphere somewhat different from the prevailing perspective. The severe departures from corotation observed outside the inner magnetosphere are generally understand to indicate that the planer's influence has become ineffective. However, the flywheel model reinterprets that slippage as an atmospheric effect and views the plasma sheet as rather tightly coupled to a steadily subcorotating atmosphere. This explains why the large-scale dynamics remain strongly influenced by rotational effects in spite of the apparent disassociation. In contrast, the alecoupling of small-scale motions permit net radial transport to proceed with different large-scale consequences. Indeed, the stochastic motion may prevent the lag from increasing enough to trigger my final conjecture, that the flywheel response becomes nonlinear. The notion that the atmosphere will not admit too large a velocity shear should not be surprising. It would seem odd if the high-altitude atmosphere near the magnetic poles moved so slowly as to be nearly at rest while the planet continued to rotate under it.
